ABSTRACT. An improved flow divider was designed to simplify and lower the cost of collecting runoff data from research plots. The system was designed around commercially available and inexpensive 5−gal (19−L) easuring and sampling runoff from research plots or small watersheds is vital to many environmental studies, which often require data such as runoff volumes, sediment yield, and off−site contaminant delivery. A variety of methods are used to collect such data (Brackensiek et al., 1979; Grant, 1981) . Common measurement methods include the use of a weir or flume as a control section, a mechanism to measure the depth of water within that section, an electronic data collection system to store depths and calculate corresponding flow rates, and a pumping sampler to collect samples at prescribed time or flow intervals. These systems are typical for field studies focused on measuring and/or sampling runoff over an extended time period.
easuring and sampling runoff from research plots or small watersheds is vital to many environmental studies, which often require data such as runoff volumes, sediment yield, and off−site contaminant delivery. A variety of methods are used to collect such data (Brackensiek et al., 1979; Grant, 1981) . Common measurement methods include the use of a weir or flume as a control section, a mechanism to measure the depth of water within that section, an electronic data collection system to store depths and calculate corresponding flow rates, and a pumping sampler to collect samples at prescribed time or flow intervals. These systems are typical for field studies focused on measuring and/or sampling runoff over an extended time period.
This commonly used system provides flexibility, but it has several significant shortcomings. First, due to the purge− and−pump cycle, a realistic maximum sample rate for most pumping samplers is two samples per minute. Such non−continuous sampling may miss sudden spikes in sediment or contaminant concentration often encountered when collecting runoff from small areas such as research plots. Secondly, it is very difficult to place the sampler inlet in a position to extract a representative sample if the flow contains significant sediment that can vary over time and across the flow stream. Perhaps most importantly, because the system design allows high flexibility in the sampling interval and sample storage, the system is inherently expensive. Oftentimes, research objectives do not require that runoff rates and contaminant concentrations be measured with respect to time. In some cases, researchers are interested in total runoff volume or total sediment delivery. For these situations, time−varying information is discarded, and samples are composited. Equipping a single research plot with a commercial flume, pump sampler, and datalogger can cost up to US $5000. If this per−plot cost can be significantly reduced, studies may utilize more experimental replicates to gain greater insight into system variability and perhaps better statistical comparison of treatments.
MULTISLOT DIVIDERS
The flow divider, first introduced by Geib (1933) , is an alternative to this method. The original design passed the entire flow through a box with multiple outlet slots ( fig. 1 ). The output of one of these slots was collected, and this single division represented a known fraction of the runoff volume. Because it is a continuous sampling process, the resulting sample would not miss sudden changes in contaminant concentration. For studies that do not require time−varying information, but rather need total storm runoff volume and contaminant transport values, the flow divider provides a low−cost alternative for measuring and collecting runoff from research plots.
Geib compared different configurations (i.e., slot size and number of divisions) and reported errors from 0 to 16% when comparing measured flow to the divided flow. These errors were determined when the box was carefully leveled, and incoming flows were well behaved with little turbulence. The Geib devices were semi−permanent arrangements constructed with metal, resulting in high construction costs. Researchers have reported successfully using modifications of the Geib device to measure runoff from small plots (Willis et al., 1969 and Reyes et al., 1994) .
Researchers at The University of Tennessee Agricultural Experiment Station used flow dividers similar to the Geib design in several unpublished preliminary field studies, during which the following weaknesses were noted: 1) the box−shaped design made it difficult to remove deposited sediment and the remaining water; 2) the relatively deep design made it awkward to use the system on low−gradient slopes; and 3) the small number of slots allowed by the design required that multiple dividers be used in series in order to divide the flow to a volume that could be easily handled when sampling from a field−scale research plot.
The remainder of this article describes a system developed to address these weaknesses and details the results of both laboratory tests and field research projects using the system. The emphasis is not on systematically proving the validity of the divider concept, but to introduce a new divider design that provides greater flexibility and ease of use while maintaining accuracy.
MATERIALS AND METHODS

SYSTEM DESIGN
In place of the divider box, the new system is built using an inexpensive (US $15) commercially available 5−gal bucket with a screw−top lid. A series of 22.5° V−notch weirs are precision laser cut into a strip of sheet metal, which is then rolled into a "crown" and fastened to a lid, from which the center has been removed ( fig. 2 ). Plot runoff is routed as vertically as possible into the bucket so that the flow energy is expended randomly to prevent consistent turbulent patterns from developing. The bucket fills completely and overflowing water/sediment is evenly divided between the notches. Flow from one of the overflowing notches is collected in another bucket. Divider buckets can be placed in series to further divide runoff for larger storm events or larger plots. Figure 3 shows how the buckets are used in a system to collect runoff from a research plot.
To ensure that the flow is evenly divided, the divider crown must be level. Triangular leveling devices ( fig. 2) were constructed with angle iron and stainless steel bolts at each of the three corners.
Advantages
This system provides several advantages: 1) because the bucket is filled before division begins, the system is guaranteed a substantial sample during a small runoff event; 2) much of the sediment is deposited in the first bucket, which yields a large sediment sample; 3) servicing the system in the field simply entails moving the divider crown to a clean bucket and placing a solid lid on the full bucket for transport back to the laboratory; 4) a full bucket with water and sediment can weigh between 18 and 35 kg (40 and 76 lb) which is a load range that a typical person can carry; 5) the small vertical space taken by the crown means that the system requires little head loss; and 6) the design of the crown can be altered based on the requirements of different flow situations.
Design Aspects
The divider system must be designed to meet both total runoff volume and peak flow rate expectations. In general, fewer but larger notches cut into the crown can handle a larger peak flow rate, but fewer notches require more divisions to store the total runoff volume.
The standard bucket lid circumference of 85.8 cm (33.8 in.) limits the circumference of the divider crown. A 1−cm ( 3 / 8 in.) solid portion between the weirs maintains the structural integrity of the crown. Several examples of weir sizes and their corresponding flows are displayed in table 1. These numbers show the wide range of design options available in order to meet various peak runoff rates and volume requirements. The values assume a 22.5° V−notch weir relationship (Grant, 1981) where H is in inches and Q in cfs. This relationship may not be strictly accurate for weirs this small and so closely spaced, but it is accurate enough for these general sizing estimates. Note that the accuracy of the design itself is not dependent on this relationship, since division accuracy requires only that the flow be evenly divided between the notches. The V−notch configuration was chosen over other possible weir shapes for a specific reason. If dividing buckets are not perfectly level, flow will concentrate on the lower side of the bucket, thus producing incorrect division. If this occurs, the V−notch weir is better than the rectangular weir, because the same change in water level produces a smaller difference in flow rate through the V−notch than through a rectangular weir.
These dividers can be implemented in a variety of series and parallel combinations. For example, a configuration used to collect runoff from a 21−m long × 6−m wide (70− × 20−ft) plot is shown in figure 3 . Runoff is collected in the first bucket; the overflow passes through a 24−notch divider; and one division is passed into a second bucket. The overflow from this bucket is divided 24 times again, with one division channeled into a third bucket without a divider crown. The first divider crown limits the maximum peak runoff rate that can be handled with this arrangement, which for a 24−notch divider is (from table 1) about 7 L/s (0.24 cfs). The corresponding peak runoff rate for this size of plot is 200 mm/h (8 in./h). The maximum measurable runoff volume using this system is: 5 + (24 × 5) + (24 × 24 × 5) = 3005 gal (11,400 L), which corresponds to a runoff depth of 93 mm (3.7 in.). Different combinations of dividers can similarly handle larger or smaller plots or design storms.
DESIGN TESTING−WATER FLOW
A 24−notch divider crown was tested in the laboratory to confirm that it divided water with the same relative accuracy as the original Geib design. Since preliminary tests showed that a greater number of slots resulted in the largest division error, the 24−notch configuration was chosen for testing so that results would be based on the worst case. A hydrograph generator, providing precise control over flow rates through a wide range of outflows (Yoder et al., 1998) , was used to test the divider. Electronic controls were used to specify and maintain the flow rate produced by the hydrograph generator. Flow rates were confirmed volumetrically using a large bucket for low flows and a precision sump for higher flows. Once the flow rate was confirmed, it was passed through the 24−notch flow divider, with the outflow from a single notch collected in a second bucket. The flow was allowed to accumulate in the second bucket for at least 1 min, and the second bucket was weighed to measure the collected water. The mass of water was converted to a volume, which was then multiplied by 24 (24 divisions) to determine the total estimated volume. The flow from the hydrograph generator was measured again to confirm that the test was run at the targeted flow rate, and this rate was multiplied by the test time to give the test volume. The error in measured volume was then calculated as % error = 100% × (measured volume -test volume) / measured volume.
DESIGN TESTING−SEDIMENT DIVISION
Geib (1933) did not test the accuracy of division of transported sediment, though more recent studies using very similar designs (Willis et al., 1969; Reyes et al., 1994) indicated good sediment division. The goal of the sediment division test in this study was not to provide a thorough test of sediment division but to ensure that the new system behaved similarly to the Geib design. An exhaustive study would have examined division accuracies for a variety of soil types and amounts, but this preliminary study chose a middle−of−the−road approach by using a single medium− textured soil (Sequatchie silt loam) in an amount large enough to easily measure [2.27 kg (5 lb)] but not near the bucket's capacity (see below). Since flow patterns within the bucket might make a significant difference in sediment division data, three flow rates were chosen to represent flows at the low, middle, and high end of the 24−slot divider capacity [0.76, 1.39, and 2.08 L/s (12, 23, and 33 gpm), respectively]. The sediment division accuracy was determined by collecting, drying, and weighing the sediment deposited in both the dividing and catching buckets (see fig. 2 ). The total calculated sediment mass was determined by: total calculated mass = (mass in 2 nd bucket × 24) + mass in 1 st bucket. The resulting sediment mass was compared to the initial mass of 2.27 kg (5 lb), and the error in sediment division was calculated as: % error = 100% × (initial masscalculated mass) / initial mass. For each flow rate, the test was replicated three times.
RESULTS
FLOW DIVISION ACCURACY
Laboratory testing of the improved flow divider showed that it could divide water flow over a wide range of flow rates. The tests resulted in maximum errors of ±16%, with the higher values found at very low and very high flow rates; however, most flows fell within the ±5% range ( fig. 4 ). At flow rates greater than 2.8 L/s (45 gpm), all error values became negative, indicating that the measured values were less than the actual values. These errors may be attributable to noticeable turbulent flow patterns that developed in the first bucket at high flow rates. When these particular flow patterns occur, flow is increased through several of the dividing slots, while flow is decreased through the slot that is supplying the second bucket. At the other extreme, flows lower than 0.63 L/s (10 gpm) produced error values within ±16%. Larger errors at low flow rates were also reported for the original design (Geib, 1933) , where the explanation was a result of surface tension effects at the bottom of the weirs. During this study, surface tension caused the water level in the bucket to rise slightly above the bottom of the notches at very low flow rates. Once the flow "broke through" a certain notch, it seemed to continue flowing through that particular notch for some time before flowing through remaining notches.
SEDIMENT DIVISION ACCURACY
The errors for sediment division were determined using three replicates representing low, medium, and high flow rates. Table 2 shows the results of these tests. These results indicate both increasing sediment division error and increasing variability between tests with increasing flow rate, but the overall errors are all very low.
The amount of sediment remaining in the first bucket was sensitive to the mixing caused by increased flow rate and other unmeasured factors such as the particle size distribution of the entering sediment, the degree of aggregation, strengths of the aggregates, etc. However, these results show that a significant portion of the entering sediment had passed through the divider, indicating that the low errors shown in table 2 are representative of accurate sediment division and are not just a result of all the sediment settling in the first bucket.
FIELD EXPERIENCE WITH THE IMPROVED FLOW DIVIDER
Since the design and construction of the improved flow divider in 1996, the system has been used in five separate field studies: 1) an as−yet unpublished study comparing runoff and sediment transport from no−till and tillage−based 0.4−ha (1−acre) plots with 2% slope; 2) monitoring erosion and nutrient losses from 6.1 × 21 m (20 × 70 ft) no−till versus conventional till transplanted tomato and tobacco plots (Rich, 1997) ; 3) evaluation of using wood chips for erosion control on 3− × 10−m (10− × 33−ft) plots with steep slopes (Buchanan, 2002) ; 4) a commercial study measuring runoff and sediment delivery from very steep slopes with highly erodible soils in a nursery in Oregon (Richards and Goetz, 1997) ; and 5) monitoring the fate of hormones found in manure land applied onto 6.1− × 21−m (20− × 70−ft) grassy field plots with slopes of less than 2% (Dyer, 2001) . The system performed very well in each of these studies, with one exception. The study in Oregon revealed that large storm events with very high sediment delivery can completely fill the first bucket with sediment, blocking the notches and preventing subsequent even flow division. This situation would yield the same results using original Geib design or for any other device that allows some settling upstream of the flow measurement or division. For such extreme conditions, a sediment settling mechanism must be provided upstream of the first bucket. Design efforts are underway to make such an addition fit easily into the system. In all of the other studies, the system provided good flow division with no clogging or other signs of failure. The large sample provided in the 5−gal bucket, even from very small runoff events, proved very important for the established grassy plots, which yielded little runoff from many of the storms. The devices were easy to install under all slope steepness conditions, ranging from the 2% slope manured plots to 50% slope mulched plots. The devices were easily configured to collect runoff volumes from plot sizes ranging from 30 to 4000 m 2 (1400 ft 2 to 1 acre). Screens that were used to keep large residue chunks out of the divider system worked well and protected the slots from being clogged, which would have affected division accuracy.
CONCLUSIONS
The main objective of this work was to design and test an improved flow divider that enables researchers to accurately measure runoff by collecting a known fraction and to get composite samples of the runoff water, sediment, and associated contaminants. The system is built around an inexpensive, commercially available 5−gal bucket, with an attached precision−built divider "crown" to divide the overflow from the bucket. Runoff from a research plot fills the bucket, after which overflow is evenly divided by notches in the crown. The flow from one notch is caught and divided further by a second divider if large runoff volumes are expected. After a runoff event, the divider crown can be unscrewed from the bucket and placed on a clean empty bucket, while a lid can be placed on the full bucket for easy transport. The design of the divider crown and the ability to use the buckets in series allows for measuring a wide variety of expected peak runoff rates and total volumes.
Laboratory tests found that the design divides water with errors of less than ±5% over most of the flow range, though the errors went as high as ±16% at very low and very high flow rates. The device divides sediment load even more effectively, with an average error of just over 2% and no error greater than 7%. The system has been implemented in several field studies, yielding reliable results with simple sampling methods.
Overall, this system provides total storm runoff, storm sediment, and contaminant delivery data similar to that provided by the more complicated and expensive systems made up of a flume, depth recorder, datalogger, and pumping sampler. Lower expense allows field studies to increase the number of replicated plots, thus providing valuable information on the variability often associated with runoff−driven phenomena.
Future additional work on the design will include a settling chamber specifically designed to easily fit into the system in order to allow use in high−sediment systems, where the sediment load can fill the first divider and obstruct subsequent flow division. In addition, the researchers would like to examine the division accuracy as related to particle size, to better understand any potential error in measuring the transport of contaminants selectively bound to the fine sediment fraction.
